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Cver the period of this contrazct, the initial aims of t?is project were
te cevelop techniques for incubating intact ret lemses in vitto in order to
stucy the development of cataracts when lenses are exposed to,CW, and pulsec
micrcwzve irradiation. We planned to (1) establish minimum cataractogenic S2Rs
for irrzdiation in vitro and (2) investigate the mechanisms of

terezctogenesis in such lenses.-

ial studies (see final report June 1981 for DAMD17-80G-9449) heac

& linear correlation between depth of cataractous globular

tion and temperzture when the lens wzs exposed to & short period of

re elevation and postincubated for a period of 48 hr. This unexpected
elationship was found between 37 C anc 50 C; in addition, at &7 °C znd
50°C some very large globules were formecd. Surprisingly, at a higher
tempereture (60 °C) the lenses had normal opacity and acuity, apparentily
beczusze they had been fixed bv the high temperature. D-o-tocopherol acetate
wher. zcded to lenses before incubation z: &41°C. preventec mest of the globular
degeneration observed at this temperature.

In initial attempts tc expose the lenses to microwaves, a syster Was
devisec to rapidly circulate thermostatted coolant arounc the lens while it
was being irradiated. This svystem permitted experimental separation of hezting
effects in the lens from effects due tc electromagnetic radiazrion, sgince there
¢ measureable temperature elevatiorn in the lens with respect to the
rounding medium even at highest microwave exposure levels tested.

zdlztion was performed for two expcsure times and at three SAR values.
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The results of the irradiation indicated that the effect of the

“romagnetic radiation itself could be considered tc be equivalent to

a;;ug, since at the highest dose rate and 27 C, Large globules were formed,
would otherwise have ueen reported only at L7 C, equivalent to &

:em;era:ure elevation of 10°¢C. Pulised irradietien &t high SAR values appezred
2 re:zit in holes in the surface of cells, consistent with the ides that
thermczcoustic expansion is causing mechanical damage tc cell membranes. zn
estizzte of amount of damage experienced as & result of total dose level of
microwaves was consistent with the idee that the amount of damage is roughly
propertional to the total dose delivered to the lens, anc that & reciprocal
rela:it.s“‘p exists between dose rate &nd time requirec tc cause & defined
amru- -7 globular degeneration. agf— —

*ore work under the 2CZ-2051 0 wes don
scrsizilizy of reciprecicy :vz implicetions
ere Irromically exposed o low levels I omilIT.owevss as wWil.
Irim irne effects of acute exscosire. Itiziel cToiies o7
Ive Fzsz. 0. 1-13 (1982); irnz:iczzec Iiiv teTweer
Gose rzte. Further studies nave incice ne1 mere of the v
cf czmzge could be explainec ty & moce. ir wnich the effects
SAn were separated. Nevertheless. the recirrcczzl effects mode
adecuaze fit for practical purpecses and has the advantage cof
simziicity. For both models the pulsec rrzciaztion producec
ser:ir cf damage caused by (W irralizzicn. Trhie cifference isg

.‘ga”
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rrevicus Cw-Pulsed compariscn by Marha used in setting up the Czechoslovawizan
safezyv standard which sets different stzndards for pusled and CW irracdiatict
(Marha, 1963).

The most recent work was done to compare the effects of varying pulse
arameters likely to affect the pressure wave induced &s a result of
her-celastic transduction. The operative pulse parzmeters tc be stucdied weve

se peak power and pulse duration. Werk was done tc explore these
ters under the contract extension until April 30, 1986. This work
ed significantly greater depth of damage at peak powers of 48 KW thex
- KW peak power. The nature of the damage response to increases in
power and exposure time zlso was more pronouncec. Deeper damage wzs
d at lower powers znd exposure times for 48 KW pulse peak powers.

1.3 =

o o

\?

A more detailed analysis of the 48 XKW data revealed significant
increzses in depth of damage associatec with increased pulse duration,
increzsed average power abscrption and increased exposure time.

——
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Diagram of exposure apparatus.

Diagrammatic rerresentation cof damage to

rat lens observed after

exposure to CW microwzves in vitro.

Diagrammatic representation of damage tc

rat lens observed after

exposure to pulsed microwzves in vitro.

Average damage observed at
for 6 min.

Average damage observed at
for 20 min.

Average damage observed at
for 60 min.

Plot of computer-generated
KW peak).

Plot of computer-generated
(24 KW peak pulse power).
Plot of computer-generated
24 and 48 KW.

Plot of computer-generated

equatorizl region of lenses irradiated

equatorizl region of lenses irradiated
equatorial region of lenses irradizted
curves using the reciprocal model (24
curves using the separate effects model
using reciprocal model comparing

curves

curves comparing damage at different

pulse widths 2, 10, 20 usec.

Plot of depth of damzge as a functicn of pulse duretion for
different periods of expesure.

Plot of mean depth of damage as & function of average power at
several periods of exposure:, 6. 20, 60 min.
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Threshold of damage TD53C

Depth of damage statistical

Models with recicrocel an
{TIME) anc dese rzze DIV
Test for reciprezel Ve sec:
waves.
95% confidence intervals !
Models with reciprocai &nc
(TIME) and dose rate (POW:
Test of reciprocal ve sepez
continuous and pus.iec wave
-

Depth of damage statiscti
5% confidence intervel
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24 KW data comparing time and exposure
data.
48 KW data comparing time anc exposure

for overall fit with &€& W

for overall

P-values and means from ANOVA of depth of damege using combinec

data.

24 KW data using new apparatus.

49 KW data obtzined at 2 usec.

48 KW data obtained &zt 1T y:sec.

48 KW data obtained at ZC yusec.
P-values from ANOVA on 48 KW dzta.
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SWTRODUCTION

Microwave cataractogenesis is generally considered to be a consequence
cf :he average power absorbed in the ccular lens. It is often stated that
temrerature elevation alone produces lems pathology (e.g., Cleary, 1980). In
fzct. Kramar et al (1975) concluded that & retrolental temperature of 41°C is
z threcheld value for lenticular pathclogy (zs determined by slit lamp
nztion) which mav be associated with & SAR of ca 15C mW/g for cz 10
minutes of exposure. The results of Carpenter (1977) differed somewhazt, since
vivelent retrolental thermal histories produced by treatments using, either
L3 Hz, or direct conductive heating by & ring applied tc the sclere,
rccuced different lens pathology. Alsec incidence of lens pathology was
ecuced from 5/6 to 1/16 respectively. Similarly rabbit retrolental
temperatures produced by restricting convective heat exchange via ear muffs
n
c

¢/or hot air directed to the ears, along with comparably reduced microwave
se. reduced the probability of lens opacity from 5/6 in the pure microwave
zce o 3/10 in the convecticn-restricted case. Carpenter concluded that
ezrolental temperature elevation is necessary but not sufficient to produce

Our results (Stewart-DeHaan et al, 1983) from in vitro exposures (where
precise temperature regulation was pcoesible) differed from Carpenter in that
murine lens histopathology produced by heat was not produced by CW power at 1
GHz. The effects produced by Cw power also persisted in the absence of net
temperature elevation when lens temperature was controlled by flow of coolant
over the lens.

The issue of the thermal origins of lens histopathology may be
considered from another direction. If heat is the only pertinent parameter,
“e.- modulation should have no effect so long as the absorbed average power,
emperature and duration are closely controlled. Pilot results reported in
1637 {Stewart-DeHaan et al, 1980) suggested that pulsed irradiation optimized
fcr zhnermoelastic expansion (TEE) procduced lens histopathology which differed
th qualitative and quantitative terms from that prcducec by CW

[l

in e
irraciation of the same average power. To the extent that these findings are
correct, the average heating produced by the field cannct be the sole operant
parameter.

diation hazve been se'fermed

Comparisons of pulsed and CvV mi Ta
s bic acid (e Cicchemic

in the past. Weiter (1975) measurec

recursor of lens opacification) in ra:
ex:o ure to pulsed and CW fields of 15C mW/cm™ power densi
: wze later to be placec yefa e

the pulses were . . ¢
¢ pulse power produced
ts. Birenbaum et &. 1€
& power at 5.5 GHz i T
power was 1 watt and the PRF w
or.icator consisting of a Sty
coeceition to the conjuncrive
xzmination, failed to show any Cifferet:e ir threshcld between CW and pul.sel
.exzosures (Carpenter, 1962, Ir these exreriments Carpenter used 243 :

Tracemark, Emerson & Cummings. Inc.




371 MHz: the pulsed, exposures were z: & 3% cduty facteor and an average power
dersity of 140 mW/CW". Although the results were ambiguous, it has become
ncrezsingly frequent to cite this study as feiling to show effecrs. Cne
ercrt of lens pathology from pulsed exposures (Richardson, 1951) has neither
‘. comperison nor & suitable descrirtion of exposure conditions.

: has been shown thet pulsed Zields cen elicit elesti waves in

icel target organs: the potentisl of oculer hazards (N ekarteswamy end
e stnan, 1978, 197G) cecondary to thermcelastic expansion has been ci:ed
&s z new hazard mechanism, but no experimentz! evidence was presented.

The comparison of the extent of effects from pulced and CW irrecizticn
anc tnhe rcle of TEE as an zdditionz]l mechanism for damage by pulsed microwzve
irrzdietion is important nct onlwv because of the generally held view that
h and associetecd temperature elevations are the onlv causative
s ¢f lens pathology. It also suggests the possibility of serious

erising from high peak power microwave emitters with low duty factors.
~th situations the question arises if the hazard potentizl of the fielcd is
t only on average power cof the field, or whether TEE-dependent effects
tvlt in added hazards not presently appreciated. Since prior work has
i1ly addressed these issues in light of TEE theory we decided to perform
.lowing experiments which determine effects of CW irracdiation and to
e these results with previously reported resulcrs ané additionzl new
¢ for pulsed microwave irradiztion &t similar average powers.

e

1

‘-g
nis
s

In our previous (Stewart-DeHaan, er.al, 198&) report, it was shown that
the reciprocal model DEP = (POW X TIME)'' provided a good fit to the observed
deptnh of damage to the ocular lens caused by pulsed wave irradiation. Our 1985
annual report presented results of a similar analyvsis comparing pulsed to
covsinuous wave irradiation. In this report this data is repeated and models
ceve-vped to incorporate results for both continous &nd pulsed waves, are
fur-ner expanded to explore (i) effecrs of increasing peak pulse power an<

’

ct
i1 eZfects of changing puise duration.
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. MATERIALS AND METHODS

After dissecticn, lenses of Sprague Dawley (Walter Reed strair) ra

T g average weight, with intact capsules, were either temporarily
phate-buffered saline in culture tubes or immecdiatelv treansf

cell described in &z previcus tu

Larsen. gacobi Ross, Sanwal

Ve
3
m

o

: ire to mlcrowave 1rrad;
em==7 ez &l, 1980, 1GEZ). I
lg cbserved in rough:iv :
zre: oI the wedge penetrating towards Ihe nmuil . WnheT cCamage ©
z¢etzricrliy and anteriorly i FA EN T

czrs..e and proceeding inwarc towards the lens nuclieus.

t |l'¥

. themn prccessec anc examinsd
evicusliy Zescribec (Siewar

- thick plastic secticn

wenses were irradiatec. fix
by scanning electrorn micre

al, 1983) or by ligh:

. embedded in glvcol methacr
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The average transmitted power wzc absorbed completely by the sample in
the tuned waveguide system. Specific zbsorption rates for this system were
mezsured previously without buffer circulating through the hoses connected to
rermit circulation of saline. Repeating this mezsurement, with saline not
circulzting but filling the hoses, using an microwavetransparent Luxtron probe
te measure the temperature resulted in a decrease in SAR to approximately hezlf
mezsured previously. With no szline in the hoses, the SAR values we
cusly reported were confirmed. The actual SAR values (for szline) at che
i

ion cell, with corresponding averzge

where ¢ is the specific hear of the sample in cal deg g . ¢ is the

¢ in g/cc, &4.18 is & constent for unit conversion (! calorie = 4.18

jou )., and T is the temperature elevation in C during the exposure duration
t in seccnds. or_&he calcuizctiorn we zssumed the specific heat of weater tc be

0.998 cal deg " g =~ and the density 0.998 g/cc for szline. Experiments are in

progress to determine the actual vazlues for heating.

ot

eticn cf the lens in the irracizc
traznsmitied powers, were: power (SaR) 2 W (23 mW/g), 6 W (6% mW/g), 20 W (221
miWig), €3 W (750 mwW/g). For cempariscn, those we previously reported (and
confirmecd) were 2 W (40 mW/g), 6 W (120 mW/g), 20 W (400 mW/g) and 653 W (1.3
Wi/g). The pertinent formula for cazlculation of the SAR, modified by Lin et zl,
1678, from the original formulz of Johnson and Guy (1972) (SAR (w/cc) = 4.3i8 ¢
T/t}, to permit expression in W/g instead of W/cc, is SAR SY/kgz = 4.18 ¢
T e

0O M ~ >
)

[ I
.
'T]

Five separate conditions, at different times and average powers to
permit the same total energy to be delivered during 6, 20 or 60 minutes of
irraciation, at different SAR values, 11.5, 23, 69, 231 mW/g and 750 W/g, were
examinecd for both CW and pulsed microwave: 0.23 watt-min/g, 0.46 watt-min/g,
1.31 watt-min/g, 6.9 watt-min/g, and & maximum of 15 watt-min/g.

Microwave irradiation was delivered to the lens in the pulsed mode with
-, 10 usec and 20 psec pulse wicdth and 24 KW and 48 KW of peak
ransmitted power. Repetition rztes were varied to obtain the various averzge

cLiers.

PR

3

Tcr each lens in which damage couid be observed, granular degeneration
occurred in a depressed ring in the zonular region and around the lens
ecuator, with the apex of the depression towards the lens nucleus (see
Results). The maximum depth of degeneration was measured zt the deepest
penetration of the damage. Measurement was mzde irn the regicn 40-60uvm

immediztely posterior to the centre cf the zcnular attachment tc the exterior
e

oI the czepsule. The measurement was mecde from t© ingicde ¢f the lens cepsvi.e
tc the zssessed maximum depth of visible damzge. The twc determinaticns, <cne
n eazch side of the lens) were averazged (since v vsualily quize

end that average reprecenzes zn chserv
was pocsitie.
¢nly in three lenses. =zl
These values were use:
for the particular zond: ¢
d blind using & numericel ceode &nc the coCe broken a
cemplete.
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C.  STATISTICAL ANALYSES

C. . Initial Pulsed-CW Comparisons

~n enalysis of the effects c¢f pulsed ve continucus wave irradiation :oa
tfhe ccular lens was performed. The purpcse of the analvses wes to compere zhe
€ezir 2Z granular degenerzticn (DIP) preoduced by continucus andé pulsed wave
irrzZizzicen st variocus dese rztes (POVW) and lengths of exposure (TIME}.

* cne~way analysis cf variance (ANQOVA) was perfermed on the continucus
wave czlz zicne end the meanc for the 11 combinations of FOW X TIME cempared
veing tne modified Tukey merhod in multiple comparisons (1833}, Such ean
ere.vsls has been reported previously on pulsecd microwasve irradiztion
fCrewzrz-DeHaan, 1985).

In crder to test reciprocity between duration of expesure and dose rzate,
cverall. two alternative models fi: tc continuous wave anc pulsed date were

P

4
(2 DIF = b (POW X TIME) “e
0 1
b. o,
‘A -~ I erimy £
z TP = (TIME) e

b (POW)
(]

The first model states that PCW and TIMI act in a reciprocal fashion to
decermine the depth of damage and is referred to zs the reciprocal effects
mzc:t . Model (2) allows for the pessibilicy of separate effects of POW anc

.vough coefficients b, and . In beth models e represents & random
moltizlicative disturbance. Qver comparison of pulsec and CW effects wes
sonvainiently performed, using

‘s

&
these modelis, fcr both sezs cf data.

.he adequacy of model (1) was tested against the zlternalive expressad
ovomolel (2). Since both models were iog-lineer this was done oy fitting zhe
crarsformed models

: SnUDEPY = In b - b, In(ECW Y OTINMI = it e,
o i :
SV \ V- _——e
z rIIBY = in b - DL oI Bl - I. T TIVE - Itoel
A Tie regression. 11 wat &SS€uTEl TrLi LT 2, &Ti LU &. VETE ROITIL.
fiziriiuvted with mean ze and varientes 7 ozng T: 7 rszgéctivel
nspection of the rescits in 1 suggestec trnetl the cepin ¢of camese
tec by the twe radieticn zvpes zitfiercc oo & muliiz.ifelive coneizne
re reciprocal mogel




for continucus waves

e e e

andé x

-

L2}

o)

(&4

—

rformec including date for pulsed and
X TIME

« b
{2 CZT = o b7, (POW X TIME) “e
o i
was ~rcreoced, where x =
o by,
= TZF = b b, (POW,; “(TIME) 75,
o 1
The Linezr forms of these mocels were:
;= PR e .
L2 In{fzZP) = Inb - x In b, - Db
o 1 2
~ cn{DEP) = Inb = % In b, - b,
o i z
These —ocels were fit te the combined
A second one-way ANOVA was pe
continuous wave irradiation z:t each of
of contrests was then used to compare
YoOTIMI.

Recent Pulsed-CW comparison

ro"

e e

.. Comparison of 24 and 4& KW Series a

10 POW
the twe means at e=:

rt

com«

inations.
ch combination of

The method

POW

~ (1) the compariscn of 24 a wzs confounded with
ciftZerent pulse widths (10 and 20 cf the new data from
- U series at 1C us wes used ¢ changing peak power
Z.vn.z Zcu.l be examined. There was, t.icetien in this
. .. .zcn being that the 2« anc a8 with a different
zorfi~uretion of the apparatus with ent actual absorption
of zre pulse emitted (POW). To accou nelveis the actual
power zbsorbed (NPOW = L2732 x POW, vsed as & coveriate in
‘s ¢f covariance (ANCCA). Thus « and 48 KW means is &
of means aciusted for the rpel irrecietion.
e ¢ this acjustment Tased LeTlion dectween NEC
nZ £ damage.
Tric anelvsis was perfcormed with o tre socorocoram AVTLA from €PES D
-sitrecel and Segarzie Lilecgts ol Tuwpo:lre Toime il Lvervage TIVEY :Io=3
enc 1C us
~gein this analveis wee similar 1o trnz: Ccntainec in 1 using cate Zor
0 -: zc vield & more direct compariccr w.ir tne resulis from e WKW oot 1T Ce
whiir were

ey
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(XS
~

T . (POW X TIME)''“, 8° = .78

(2y  zzp - (pow) T (TvE) 83, R% - L0

The vzliues used for zverage power where the azmounts actuelly ebsorbed (NPCW)
tc mewxe the coefficients ceomperable.

17

C. £ <Zevised Compariscon of Previcus and New 2& KW Results

Trils analysis consisted of fitting the 12 observations from the new
series to the separate &nd reciprocal effects models with POW replaced by
NPOW. The coefficients of the resulting models were tested against those given
in trhe section above.

C. 3 Thkree Factor ANOVA

Coservations taken at Z. iC &nd 20 +s pulse widths were combined in zn
analvsis of variance (&NOVA) for the & x 3 x 3 (POW X TIME X PW) factorial
designrn. This analysis was also performed using the ANOVA subprogram in SPSS
(Version 9.0) (2). In this anzlvsis the main effects of each factor were
assessec with the other two factors held constant. Similarly the two and
three-wzy interactions were assessed with &ll main effects and other
interzczions of the same or lower order held constant. This means, for
example, that the test for the main effect of PW was based on the variation
attributable to that factor zfter the variaticn attributable to POW and TIME

had been accounted for.

.. Trree Factor Regression

regression models were fit to the ccmplete set of observations taken
. The first allowed for reciprocal effects of POV and TIME wi:ch

27 @ .ze effect of PW. The second provided fcr separate estimates of the leg-

: effects of these factors. The actual amount of irradiation absorbec

was used to make the results comparable to previous models.

TC

7T}
(3]
[

2. . lLens Damage Observed with Fulsec and C. Microwave

.
thorn

holes wizrnin 1re Ii:s sl Teciallv o inothe rezion ot
in the ec.zzcria: : : &
ranuiat:
regions tTu:
& (&) foam.
n anulacion ¢t
¢ "Srewart-DeHaan, 1985).
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“-though some Camage was seen in lenses fixed immeciazely after expcsure

sed mlcrowaves. the threshold at which damage was observed in 50% of the
) varied depending on the tvpe of damage (Table 1). For lenses

d te 8W waves., not zll tvpes of dazmage were seen; usually the TD-

ed et higher pewers than the '1'.,50 observed for pulsed microwaves ?T

xcept for the similer effects cbserveé fcr both pulsed and CW
ion after 6C minutes exposure to ! W (10 mW/g) average power, the

l')

irrecict

lewess power at which damzge was cbserved occurred at lower average powers for
pulsed irredietion then fcr CW. Conversely, when compared only by ANOVA, for
the szme average SAR (or power) x time combinations, the damazge observed
fellowing pulsed irradietion was alwavs greater than for CW, and at higher
averzge powers the damage was much mcre extensive. For instance, at 65 W, the
camage from pulsed irradistion wae extensive: irregular, jagged areas of
granclar degeneration intruded deep into the cortex, while the CW irradiation
onlv resulted in small areas of granular degeneration at the lens equator. &
Cizgrammatic view of changes observecd in the area of the lens equator after
culsed and CW irradiation cifferent curections anc SAR vaiues is seen in Fig.
Z-4. In figures 2 and 3, Cw (Figure 2) and pulsed (Fig. 3) irradiation effects
ere represented diagrammaticelly zfter exposure for the same lengths of time 6
min. 20 min and 60 min. In Figure &4, at the threshold value for the first
observable damage at the lens equatcer (for either pulsecd cor CW), this damege
may be compared to the amount of damage shown by CW or pulsed, respectively.
For instance in Fig. &4c the lowest prlsed power level at which damage is
observe d is compared to Fig. 4d, which illustraztes the zbsence of any

co:pa able damage after the same CW power level and time. The mcre extensive
damage caused by pulsed irradiation (Fig. 4e) azt the CW threshold exposure
(Fig. &4f) (20 W, SAR 230 mW/g) is compared in Fig. 4e and 4f. Finally the
“ve depth of damage is compared for pulsed (Fig. &g) and CW (Fig. &4h),
esuiting in a ratio of pulsec/Cw damage of approximately 3.0 at the maximum
A7 72 W SAR 750 mW/g).

N

for irradiation at 2C minutes, the lowest power (Fig. 5c, at which the
v.lced irradiation caused discernable damage was 1/2 W (SAR 518 mW/g). At this
everzge power, no damage was zpparent in the Ck-irradiated sample &t the same
power. At the lowest CW power at which damage could be observec (2 W, SAR 23
mW g (Tig. 5¢) the pulsed irradiation czused significantly more damage (30
eeT . The maximum damage, et 65W (SAR T30 =¥ o {Fig. Zgt' is cbservec tc e
_merely four times ac Ceep fcor pulsec. =% Iempa
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camzze for pulsec/CW ir adia:ed gsamples wae =rrroximately 1.T.

. Statistical evaluation cf the zat:e wes e Cazz.
noun ;r ble 2. As in the grevicus resulis a Stewarz-
Tz ear el al, 198L). the centinurtus weve irrailiastion preduced intreasing zszin
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cf camege with increasing dose rate and increasing time of exposure (Fig. £2.
fulsec wave irradiation produced consistently greater depth of damage than cid
concinuous wave irradiation except at the 2 wett 6 minute combination. The
culsed CH differences were subjected tc detziled compariscn at 10 differen:
comzinzzions of POW X TINE.
Z. 2 vodels for Continuous ¥Wave Irracdiation

The estimated models (1)' andé (2Z)' ere shown in Table 3. The means Zcor
the cate used are_given in Table 2. The sepzrzte effects model, DEP =
SIA S0 c‘(TIME)I ‘ ., accounted fecr 7€% of the chserved variation in DEP
whiie the *ec1prOCal mode, DEP = .10(POW X TIME) ~~, accounted for 67% of this
veriaticen. The F test shown in Teble & showed that for the continuous wave
dete zhe separate effects model explzined significantly more of the cobserved
verizzion in DEP.

The 95% confidence intervels for the parameters estimated in models (2)
c

2. > Models for the Combinec Data for 2. KW, 10 ksec pulses compared to CW

The fitted equations for models (3)! anda(&)‘ arg, given in Table 6. The

sepzrate effects model DEP = .09(4.66)x(POW) (TIME) , explained slightly
more of the variation in dep;heof damage than the reciprocal effects model,
DEF = .15(4.71)x(POW X TIME) '". Tzble 7 shows that this small difference was
significant or the separate effects model explained significantly more of the
observed variation in depth. The means for the additional pulsed wave date
used in this analysis are given in Table 8.

“he 95% confidence intervals for the parameters estimated in models (3)

anc ' - are given in Table C.
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. 1 CW Compared to Pulsed Irradiatiorn (24 K¥, IC usec pulses)

o1

The thermogenesis of ocular lens histopathology remzins an issue cf
znce in microwave biomedicel research. ':s impertance derives from twe

impert

fzczzr:: the need for improved bicphveical rezanding ¢f the mechenism of
is72:.zhologic effects secondary ¢ “i:’owa?e expCgure. &nt the neet I
insure safery under conditions of exposure tc nigh peak power microwave

emizsicns where the average power azbsorbed mev no:t fully represent the hazerd.

Tre results describec here ilg TiIvowavs

Lrrzlozzicn at 918 mKz moculazicr o 1l - sel

ves..T: ir. more damage &I Ine same & ‘ne z

exizzz cne (2 W SAR of 22 =ilg Igr ¢ =m:ux 2 € 8¢ - €

moce.s explained significantiy more cf the verizzier irn cepth ¢f ¢

reciprocal models may provide ar zdecuazte fit for practical purpos trn the

zcvenzege of greater simplicity. This i¢ perticuerly true in the ¢ £ ire
cemTined data where the actuel cifference irn I7 =av be of little praciice.
imporience but was significant beceuse the Lzrge number ¢l observatiins

&n
*zrczuzec & very powerful tes:t.
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~rne graphs of both models, showing their fit tc the 24 KW peak pulse
power Zeta, are given in Figure 7 and 8. For both models 3 anc & the pulsec
irrzciztion produces £.7 x the depth of damage caused by the CW mode. Of =
mechanisms by which such &dditicnal modularion-dependent damage cculc
occur, {viz., thermoelastic expansion (TEE), electrostriction effects (ESE’

erc. <the most likely mechanism is TEE, resulting in pressure waves inducec in

the zzuzcus medium and lens tissue by thermosccoustic expansion fellowing ezzh

lge ¢of microwave energy. The accustic measurements previcusly perfeormed z=¢

L L]

n
11
-
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)
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repcorzec elsewhere (Guo, Gue and Larsen, 1984) zre consistent with such a
mecrnznilsm: pressure waves zare incuced by each pulse. These are capable of
inz the additional tvpes of physical damege previously noted for pulsec

o
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. s -~ holes in cell membranes, lerge globules at higher power etc. “hi
thug provides evidence for significantly increazsed damage as a result of
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=
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sigrnzl moculation at the same average power and wavelength. The work cf Mecha
(19€Z ) or Tiological damege by CW and pulsed microwaves used to irradiate
whele ts supports the idea that nigh energy pulsed irradiation causes
signilicantly more biological damzge even at the same average power of
irradiatic Our findings confirm this in indicating approximately &4-5 tires
grezzzr cezmage for pulsed wave irradiation as compsred to CW irradiation.
Altrough the irradiation pulises were only Z psec duration they would have >een
able tc cause a significant thermoacoustic effect. For this reason we
cencinuecd to compare pulses of different duration and peak powers.

F. RESULTS

r. . Ccmparison of 24 and 48 KW Series at 10 vsec

Tables 10 and 11 show the data used in this analysis. The results of
ANCOV: zre given in Table 12. The absorbed irradiation (NPOW) had =
- «r*ficant positive correlation with depth of damage. When peak power means
were acjusted for the ciscrepancy in abscrbed power the result was that 48 KW
77 ..tec significantly deeper damage (p = .C2). Greater time of exposure zlso
prccuced significantly more camege (¢ = ,00:). The significant PP X TIME
inter.2tion indicated that the effect of peak power varied from one exposure
time tc another. Since the adjusted means were not broken down by PP X TIMZ it
wag nci possible to comment on the nature of this variation.

F. I Reciprocal and Separate Effects cf Exposure at 48 Kw and 10 usec
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cut —cre quickly than for the 24 KW results. This is illustrated in the caxmage
b r precfiles of Figure 5. However, these results must be interpretec with
some CZazution due to the lack of observations for high levele of absorbed

Trey

irreciaticrn in the 48 KW series.

The coefficients in these models were all statistically significant
o <.IT1), Howing a signi21c nt log-lineer relztionship of depth with PCV or
TIMI cor {(POW X TIME).
F. - Zevised Compariscon c¢f Previous enc New z. KW Results

-z-ie 13 gives the cdata frem the series run on the new epperatus at 24
this date was fit te the reciprocal and separate effects models wi

d
power adjusted te refliecr the amount cf irraciation actually absorted

N DEF = £.17 (POW X TINMND) T o= 82
. DEP = 6.8%¢ (PCV (T2MECT 7O RT = L5s
These regression functions showed some evidence of change from the

originzl series (p = .06 ancd p = .11, respectively..

F. « inelvsis of the Complete L& KW Data

F.L.. Three Facror ANOVA

Tables 14, 15 and 16 give the mean depth of damage at 48 KV for pulse
Wi cf 2, 10, and 20 wsec. broxen Cown DYV average power and time. The
re< g ¢f the three factor ANOVA are summarized in Teblie 17 and illustrated
it Ji..res 10-12.

Depth of damage increased cignificantly with increzses in each of the
three Izctors. Figure 10 shows that the damege prcfiles were not parallel when
examined dy POW and PW. This accounts for the significant PW X POW interaczion
{p = .001). Figure 1! shows :he situaticn fcr PW X TIME with the lack of
increzse from 10 to 20 usec with z € minule exposure Time Deing lergely
rasz 1 :1zle for the sign1~;:ar: i::e:a:::o: : .ol Tre relativelT
cara..el profiles of damage by power enc time In FTigure 1l exgla:ir tne lals cf
& POW ¥ TIME interaction {p = .7¢", The cignilicant chree wav interszciienm
-nZitates that each two-wav zrefile woilo ziffer If clcotel fov each leve. of
re ~-.rc factor.

T.-.. I-ree Facter Rezrescicon:
Tre £ owing results were ocozeline: Iv.- reZTESSITT ele.lELE &

,_.
w
>
)

ecrion Z.<4.2.
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N .35, ..,.-.00 2

- DEP = 13.6 (POW X TIME) (Pw, i RTo= W40

" L 035, .33 -.0¢ 2 -

o DEP = 12.2 (P0x o (TinE) T (PW)T 0L BT = L4

Tre ccefficients (exponencs) of PCW, TIMEI, or their procuct were
significent in both models (p <.CCl) &s were the constant multipliers
(p .CC1). The coefficient of PW wze not significently different frem zerc
{p = .C2) in either mocel &nc this term could be dropped.

The proportion ¢f variztion expleined (R, wes not high for either
mocel. The value of R -c* e ANOVA model discussed in Sectien F.4.1 was
consicerably higher (. . This was cue to the fzct that the regressicn mocel
did nes prov1de for 1nte*¢c'ion between all the factors. Such interactions
ed a significant amcunt var 1ct‘on in ANOVA. This also accounts fer
¢t cthet the effect c- PV were sigrificanz in ANOVA but net in these

lar regression modelcs.

s
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Work and Its Interpretation

jadl
L¥l)
b
A
-
Q
*

Prior work has been interpreted to reach the conclusion that exposure to
pulsec CW irradiation of the same average power results in a similar degree of
damage for biosystems. It has been fel:t thart this danger ic¢ largely. if not
solelyv, the result of average temperature elevation (Clearv, 1680). The
histcrical base on which this conclusicn is reached can be interpreted
differently, especially in light of thermoelastic expansion theory. E'en sc,
Carpenter (1966) remains skeptical that pulsed anc CW fields are equivalent,
but his data are not sufficently clear to reach & firm conclusion. In view of
- 7TT mechanism, Carptenter's pulse exposures were dcne at an
extraprdinarily low duty facter (50%) &t an average power density of 140
TR Thus, the pulse width was much toc leong te produce TEE efficiently,

: c

accerzing tc equations develcped te calctlate trhe thermceIluslil TranscucIion
Lin “7E). The absence of SAR date anc the ccupling ir.s usec for the X-danc
suice exposures make interpretation of thie study cifficulc.

The work of Birenbaum et a2l (1969} is more often citec ac evicence fcr
the egquivalance of pulse ancd CW effects. This experiment wee Cone with &
ceries of 100 rabbite exposed tc pulsed microweves anc £1 exprsec tc TW.
Tirent o7 et al used & vaeriatiorn ¢f @ oontect sfpliceIcr TELNIC Cevieel IS
Carpencer (1968). The Birenbsum &prlicater cernsistec cf & seciiorn c¢f zeom:
wodel "IV band rectangular guide {WR187  fclliowet tv & transition tc couble
vidret puide with Stveest {e_ = 11, wan 2= T.070 dielettric Lzel e
1r: rizzes. This was followel v s orsme.zTior 1 Zirviu.ar fuils o
IiL.l with othe Stveast CieLelivii. TniE IiTol §2llLIT W- NN LIT o e
diaeveizr, TLL58" (1.2 em linmg eri meininecs Iir oo comie o (LULE S
memiczrere intc which the enimal’'s eve 2t 7.:2lz2. Trhg et L1l wWes suIluTel
cpern anc & pseude tear f£ilm laver was errliel I The Ccorn unfiiive ceornesa. .oe¢
expcsures were performed al twC eVerage CCwere: . walt and ... watti. XNo
cifferences were detectec betweer pulse znc T expeosures al lne game ave
pewer for I ousec puises at & 1C 0 duiv fazic Tric Suggesle Lhal the Te:
znerzy wee 3 mJ over ear sperzure cof 1.I1I o7 1o resuit it & rear energ

ey
~1
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2w of about &4 mJ/cwm . This should have been & sufficient enmergy cemsicy
czsonably efficient pulse widcth for the frequency of operation tc achieve

. Yzz no differential effect was observed.

.
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The reason that no differential effect was observed may have been &
ec.ence of the applicator and the biologiczl end points. Firstly, the
izzzcr prevented normal evaperative cooling of the cornez. Seccndly, th
izzzer was likely tc be &t &n elevaged temperzture. Based on a tean d ¢
: znd e’ = 12, the e'" wes 1.2 x 10 "%, The SaR gf the Styvcest,dielectric

stlmated from SAR™ (0. 556 x 10 1é) e" 1 E" of (watts/cm™ ) which
zpproximately 1.8 x 107 atet [c. . The'volume of the end piece wes cez
nd its density is 2.2% g/em”. Given the relationship between SAK ernd
cure elevation per unit time SAR = 4.186 pcT/t (Johnson and Guy, 1672
~DeHaan et al., 1983) where ¢ is the density in g/cc and ¢ is the
heat and based on & specxflc heat in the order of unity, the
tre rise would be cz 1/8°C sec. The exposure duration was 3 min which
ve an end temperature o- the front applicator surface (ignoring hea:
to the guide) of caz 20°C. This added to oase line temperature of 23°%
wing complete cooling between runs would place the applicator at ce
ectly on the conjunctiva/cornez. This is & sufficient thermal insult
to deminate any other aspect of the exposure. In facr, there is ample evicdence
citec¢ irn Birenbaum's results of acute anterior chamber effects in both the
pulse znd CW groups. This includes "acute, inflammitory reactions of the
cornee. conjunctiva, iris and/or ciliary body were observed in many and
rrotetly produced in every exposec rabbit eve'. These rezctions were
"frecuently severe" and has 'usually subsided by the fourth day".
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sdditional evidence of a primary anterior chamber effect due to corneal
heating and thermal diffusicn to the lens is the observation that lens opacity
-2ally long in larency {2 to 3 weeks post exposure) and ''was present in
the znterior portion of the lens'". This is unusuel with respect to the
.- ov. Carpenter (1977) observed absolutely nc effects until after 24-48
sz znd opacity after 3 tc 7 davs. The antericr locaticn of the lens iniury
© .~ unusual. The 3.5 GH:z operating frequency was not nigh enough to
predcte preferential anterior chamber heating (Richardsen 193! and unpublished
cbse:vations of LEL). The expected site of maximal intra-ocular temperature
ztion at 5.5 GHs is retrolental and the expected opacity would be
posterior subcapsular. This strongly suggests that Birenbasum's results are

gos27 Dy corneal heating viz conducticrn frem ¢ het app.icater.

rulsed fields have been impi: S in vzl camage tc cell
memzrznes and mitochondrie with i ; ' ome ceils In
IulToTse 'ne“be* et al., 1CGE&C T 2 owitn 1otszec
Tolsa L anc¢ 230 Xz ERT. res LT
-LTIIncoe were observec. To TrLE TIaliTiot:
:2.. ..:nt or higher tempereiuires.

¢ comparisons were mace IC ca.sel tv CW irredistions Tul oz
elilez: of the heat bath treatment ic¢ in ceontras:t tc the RMS velue ci the
Zielz. Yo mention was made ¢f TII. an< the riolse wicth wouil be suberiimal Icrs
tne Irezuency of operetion anc Tergel Clel€IlTLI: Tevertieiess. LI C2ULC I
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“re mechanism nct implicated in the contrast of pulse with Ck exposure
. chain formation. This is an electresctatic effect which causes

sticn of dipole objects aleng force lines during & pulse. In between

. Erownian motion discrders the peerl cheins. Sher et al (1970) cleeriyw
zte that pearl chein formation is nct zugmented in pulsed fielcs even
the peak values are higher ther t(he ecuivalent power implied by stetic
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tzure 1. Diagram cf expcsure apparatus showing the wave guide szructure arnd

glass holder. For irradiation, the lens is lccated zt :he bo:itom

cf the central glass tube; buffer, pumped intc this tuite (chown

above the lens) circulates in & water jacket around this tube and

then passes out an outlet glass tube at one ccrrner of the jacket.

The square metal tube through which the tubes enter is &

waveguide, which provides in excess cf 100 ¢F zttenuaticin., In

eddition to the dimensions shown locating the lens, the distance

of the lens frem the side of the wave guide wzes 12.86 cm. The liens

helder wes located 1/4 guide wavelength from the waveguide

shorting plate placing the lens holder in the meximum cf the

electric Zield. The vertical position of the lens hclcer was

adjustecd sc that the lens wzs apprcoximately &t the center of

waveguide where it may move about (shown by arrows) in the

circulating phesphate-buffered saline.

e s




Lens Holder in Waveguide

(Not to scale)

COOLANT:
INLET ™=~
\\

N

0
PO

.

Vol
|
|
|
|

SQUARE METAL

WAVEGUIDE
SECTION

TN

MIMITTTTHT IS

b ]
£ T - aE
e =
s L. o ne e s W,
AR i “E
LSRN I Y NS IR S W

. ....\\\]

L
a* e b H
= e 2
.

-—i095cm ——

lyt 60.96 cm .




- - —— ———
23
Figure 2 Diagreammatic representation cf damage tc ra:
exposure to continuous wave (CW) microwaves in vitrc.
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show the types and extent of dama ¢ fellowing
with CW microwaves for the times and SAR velues indica:ie
zbsence of any zdditions tc the circular lens cutline
that no demage was observed. The average subcapsula de
damage in vm is indicated under ezch lens shewrn. The 1
extensicn c¢f visible damage in um in the :mmediete su
eres is chown (where sppropricte) at the right sicde ¢
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Average damage observed at the equatorizl region of lenses

irradiated for 6 min. with Pu or CW microwave irradietion in vitrge
as described in text. Depth of abnormzl morphology holes,
sphericzl bodies, foam and granularity of lens cell surfa
compared for (a) sham-irraciation, (t) contrel fixec I i
after dissection without irradiaztion or sham-irrediztion, (

mW/g, lowest SAR at which zbnermal merpholegy wa
(g) and (h) 1.3 W/g for (g) Pu &nd (h) CW to permit comperison of
extent of damage at highest SAR used for 6 min i :

Average damage observed at the equatorial region of lenses
irradiated for 20 min. with Pu or CW irradiation in vitro as
described in rext. Depth of abnormal morphologyv holes, spherical
bodies, foam and granularity of lens cell surfaces are compared
for (a) sham-irradiation, (b) control fixed immediately after
dissection without irradiation or shem-irrediation, (c¢) Pu
radiztion at 20 mW/g, lowest SAR at which zbnormzl morphology wes
detected by SEM for Pu irradiation for 20 min, (d) CW-irradiation
also at 20 mW/g for 20 min: note absence of abnormal morphology,
{(e) Pu irradiation at 40 mW/g compared tc, (f) CW-irrazdiation also
at 40 mW/g, lowest SAR at which abnormal morphology was detected,
(d) and (h) 1.3 W/g highest SAR used for (g) Pu and (h) CW to
permit comparison of extent of damage at highest SAR used for 20
min irradiation.

Average extent cof damage observed at the equatorial region of
lenses irradiated for 60 min. with Pu or CW irradiation in vitre
as described in text. Depth of abnormal morphology holes,
spherical bodies, foam and granularity of lens cell surfaces zare
compared for (a) sham-irradiztion, (b) contrel fixecd immediately
after dissection without irradiztion or sham-irradiation, (c) Pu
radiation &t 10 mW/g, lowest SAR zt which ztnormzl morpholegy was

detected by SEM for Pu irracdiation for 6C =min. ‘¢’ CW-irrediation
elsc &t 10 mW/g 60 mirn: rncte e¢light ut Lesser it extent,
abnormel morphology, (e) Pu irraciation at 120 =Wz, a-
intermecizrze SAR value © show greater extent 27 cCamage &s COmperec
te (f) CW-irradiation alsc st 12C nw/g, (g and (h) Bu irradizzior
at SAR 1.3 W/g highest SAR used for (g) Pu anc (h) CW irradiation
to permit comparison of extent of damage zt highest SAR used for

60 min irradiation.




)

o1
gv e S 1004 v o ® . s
SRR IR o N
o) i S :oc $310m ooooo Lo e | VerasOraiv| K M s
4
or
(¢ 354
061 - l
owr [ —.
oun . ’
091 hd H
0% E
vl vfwmo,s et . d D
of1 . ) . o o o -
02 oo 0, . O/ 057 : . o p\z.r:...
[o17] . - ) . .l‘
00) .. . . N. '* R 0. . . X
- . . . - .
06 . ./%Ll . . e
oe S S S o
02 i - A )08
e ] ¥ q,vg Y0
oY 8 a - [ . MR Y -
Oy PSR C‘C 1 s Joe ©wo
o ORI RS R . T Co o0l .
v et e . . . ..M~ - CCM. .
o8 oSy T
02 ey e O A o
o e o s ' S The *®
, BT W) l@.w/‘ ém ?mw;?.t
nx-.--a y - B 8 ‘.|\y£“ --.-‘O
0s &
ol Ymuwy T e A - i
oc Wmwore a0,
0z .vll..ll‘T : *
- 1 - F oo e
ol -, QX o S *
o ﬁuV//fr/./V/Bﬁ —w/%l' AT Wu.
) Y 3 U
Ov
t
WM All (YXULIVEN f'c WG () f.\\S:Ju
o1 =

_upfffw»/a/ﬂ{r e /fWW[/ 1t //f%% . _ wa,aowm? nré!.v (BR3¢ v///%/.?'
FRDIN A ol - fabvmntmititg S

WMy -

TS (4 2
p 2 0ULINOD WVHS
T0H1INOD
JOHINOD WVHS s

o
o ] A > i N N o1
] RN M wo| Do S
wrl | mD q 0 035 1Nd 0c M) 035 M4 unw R
L e e ot : : Bh o e WSS D Ve RTE.
g wandliy G oolniy pooansiy

ediiyg dsnpwwurvadui(g Pduw (] 1¥[NIIIUI] CIJLA U




— — - —wm————————
- ——

]
.

Plot of computer-generzted ¢
illustrating the experimenta
statistically determined bes
model 1 (F. 3).
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Plot of computer-generated curves

model, illustrating the experiment:
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Plot of computer-generatecd curves of mezn cepth of camage 2s &
function of average power or normalized power values, for
different pulse curations 2, 10 and 20 useconds, as outlinec i=m
section F.4.1.
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TABLE 1
Threshold of Damage (TD_.)
(Scanning Electron ¥icrescopy Only)
Tire Tyvpe Normal Foam Granulation Globular Holes in Capsular
Zecenere~ Fiber Careace
Tion Cells
S culsed up o 6w oW 0w o S
min (3%
W up to 20w 65w —— - -
20w

2C Fulsed up to 0.5w 2w 2z0W 2W g3sW
min 0.3W
cw ug to 6w 6w o -—- -—-
0.5w
e Fulsec up to -—— C.sW oW W 20w

min 0.5W

0.5w oW e5w o5W ——




TABLE 2

Microwave Reciprocity Study (Depth of Damage) for CU Irradiaticn

Mean
Count S W 1 W 2 v € W 20 W 6% W
Sum
Std. Dev. 1 2 3 4 5 €
5 min 0 C 0 C .70 14.438
0 0 A 3 3 4
0 0 o] 0 2.25C 87.7:20
0 0] 0 ¢ L6612 L.178
20 min. 0 0 813 21.500 17.2%0 0
C 0 4 A Z 0
0 0 3.250 46,000 6¢.000 9]
0 0 558 4,.E18 c.058 G
50 min. .500 10.6E8 14.00C 1.62% G 0
2 4 2 VA 0 C
1.500 L42.75C 28.00 €2.50C 0 0
. 500 2.839 4,243 2.8610 0 0

—— ——— -~
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TABLE 3
“odels with Reciprocal and Separate Effects of Exposure Duration

(TIME) and Dose Rate (PQOW) for Continucus Waves.

1n(DEP) = -2.31 + .87 1n(POW TINE) R®
6

43



TABLE <

Test of Reciprocal vs Separste Effects Models

Continuous Waves

T Y—

Model (1) Model (2)
Scurze of variation as €S ¢t cs
Recression 1 38.94 2 44,51
7 Zes:cual 37 16,26 3 13.69
) (44.51 - 38.94)/1
F : °T = 14.54 o) .
r 13.69/36 2é.5¢ L p < .00l
h
]
b

—y =

s



——— -

(2

Note:

TABLE 5

©5% Confidence Intervals for Pesrameters in Models (1) and (2)

Parameters Estimete
b .10
o
bl .87
b .04
o)
b, .82
b, 1,22
<

-

parameter with probability

.25,

-t . s e e s e e e e e o e e

~» 5% confidence interval contains the true value of the estimatecd
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Models with Reciprocal and Separate Effects of

Exposure Duration (TIVEZ) anc Dose Rate (POW)

or Pulsed anc Continucus kaves

vy

Ei zeciprocal Effects
LB “r(ZEP) = -1.91 = .78 in{POW X% TI¥E) for continuous
= ~.36 - .78 1n(PCh X TIME) for pulsec
= :.05
ecfect of radiation IVpe: 1n(bl> = 1.8 + .14
b1 - 4.71 (pulsed is 4.71xCW)
53 Separate Effects

“2.41 + .74 Ln(POW) - .s7 1n(TIME) for continuous

.85 in{DEP)

"

L7¢ 1n(POoW) + .87 in(TIME) for pulsed

= -.87 «+ 1 c
=<fect of raciation Type: 1n(e. ) = 1.2¢ = .13
b1 = 4.6€




TABLE 7

Test of Reciprocal vs Separate Effects Models for

Combined Data for Continuocus and Pulsed Waves

Mocdel (3) Model (<)
Source ¢f Variation ét €s dt sS
Regression 2 200.84 3 204.90
Resicual e2 Ic.61 o1 35.56

204.90 - 200.84)/1
F = 35.56/91 = 10.41 (p < .005)




TRBLE &

*icrowave Reciprocity Study (Depth of Damage for Pulsed lIrradiation)

Mean

Count S W 1w 2 W 6 W 20 W 65 W

Sum

Std. Dev. 1 2 3 4 5 3]

6 min. 0 o] .625 21,433 L2.475 51.560
0 le] 4 3 4 S
0 0] 2.500 64.300 1692.800 257.800
0 0 . 750 4,704 1.394 6.140

20 mir. 4,063 0 33.500 30.813 S4.638 180.000
A Q 4 4 4 4
18.250 0 134.000 159.250 218,550 720.000
4,195 (o] 2.656 2.095% 1.775 8.414

&0 min 0 17.750 £1.620 51.112 182.62¢ 203,750
0 5 S 4 4 2
9] 88.750 208,100 204.450 742.500 407.500
0 3.992 1.702 1.288 8.985% 1.768
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1l

Model

e e o ——

(<]

TABLE 9

95% Confidence Intervals for parameters in Models (3)

and (&)
Parameter Estimate Confiderice Interval
b .15 0% to .24
°
bl 4L.71 2.56 to 6.23
b2 .78 .68 to .88
bo .09 .08 to .16
b1 4.66 3.60 to 6.11
b2 74 .65 to .84
b3 .97 .82 to 1.12

4%
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Table 12: P-Values znd Mezns From ANCOVA of Depth of Damage

Faccor P-Value
NPOW (Covariate) .001
PEAK POWER (PP) .02
TIME .001
PPxTIME .01
Mezans Adjusted Means
_12
24 70.0 57.8
48 61.3 74.7
TIME
6 38.2 33.3
20 €9.4 67.3
60 64.5 102.8

(Regression Coefficient=1.4;
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Table 17: P-Values From ANOVA on 48 Kw Data

racctor

FULSE WIDTH (PW)
POWER (POW)

TIME

EwxPOW

PWXTIME

POWxTIME

PWxPOWXTIME

g =

P~Value

.001
.001
.001
.001
.001
.79

.007
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